topside and subsea systems enjoy the same benefits (increased efficiency and reduced costs), yet for different reasons. Oil and gas stakeholders must determine when and where hybrid-power systems provide the most value for operations, how they should be implemented, what technologies are acceptable, what safety considerations there may be, system suitability for extreme environments, and how these technologies can improve the bottom line. There is a wealth of information on Li-ion batteries, though it is not all consistent-cost data are unclear, lifetime and energy density considerations vary under different conditions, and ruggedness and application to harsh environments constitute a large uncertainty. In the following sections, we will address these issues to help provide clarification for the oil and gas operator.
Industry Precedents and Economic Benefits
From prior experience in the automotive sector and more recently in marine applications, hybridization of power systems is known to increase energy efficiency by means of reduced fuel consumption (Chen et al. 2012 ). Increased energy efficiency of operations can reduce cost and improve energy security of oil and gas operations by reducing the energy cost of exploration and production. Currently, remote power generation on platforms runs at less than optimum efficiency without hybridization. The subsea power market is to grow 7 to 8% per year and is already valued at USD 3.9 billion (De Beaupuy 2013). The emissions controls cited previously, in tandem with growth in the subsea market and the greater costs that will accompany that growth, imply that solutions are needed that will increase energy efficiency, reduce emissions, and reduce capital and operational costs. Captive generation is the largest energy-generation mode across platforms, though there is a shift toward the exploration of incorporating renewables. There are power-system manufacturers developing new grid solutions. As captive generation becomes more complex, there will be a need to incorporate energy storage and hybrid solutions to optimize generation and load together. Hybridization can reduce both emissions and costs for these power systems across the board. There are all-electric subsea-device designs that are passing extensive qualification requirements (SAFT 2013) .
It should be noted that subsea battery concepts have been addressed in the last decade through a number of research projects. The most notable and recent subsea effort examined optimum cost for subsea power systems, and that study was conducted from 2008 to 2010 (Wolf et al. 2010) . The finding of that work was that sodium sulfur (NaS) batteries, coupled to portable nuclear-power systems similar to those in naval submarines and ships, would provide the optimum system for low cost over long life. Since this study started, tremendous growth in the lithium-ion (Li-ion) -battery market presents new opportunities from battery technologies emerging as stable solutions for marine, stationary, and mobile power. NaS batteries are demonstrated in large-scale systems for onshore electric grids (> 50 kW), but the market remains nascent and cost remains an issue (Nichols 2005) . With relation to power generation, the Macondo well incident, as well as the Fukushima
Introduction
The offshore oil and gas industry faces two challenges in the near future: increased regulation on emissions and increasing cost of operation. The following discussion outlines the way in which hybridpower systems-primarily those enabled with lithium-ion (Li-ion) battery technologies-can address both of these challenges, though not without some safety and technology qualification needs. US emissions-control-area regulations will require nitrogen oxide (NO x ) reductions by 80% by 2020 (DNV 2012b) . In preparation for this, engines use urea injection to reduce emissions, which adds cost to the power system. These systems reduce particulates, NO x , and sulfur oxides, yet hybrid systems can be used to level out transient loads, which will also lead to more-efficient urea management. In addition, the push for deepwater exploration and production implies increased costs in transmission of power to the seafloor, and greater distribution of subsea equipment in deep water. Also, because of stringent safety requriements, subsea equipment will require increased reliability by means of backup power and self-sustaining power systems. When connected, this equipment will require transmission lines that must be sized for maximum capacity, even if that capacity is met infrequently, unless hybridization can reduce the transmission requirement. Battery-based energy storage on the seafloor can be used to discharge during peak loads, thereby reducing capacity requirements for the overall power system. The smallerdiameter cables or reduced capacity of umbilicals translates to reduced capital cost and less losses in the transmission system. Thus, a high priority. As power systems become more complex, and generation and distribution of power is moved subsea, there will be an increased need for safe, redundant, efficient, and aggregated power sources in the offshore sector to ensure multiple safety gates for backup and redistribution of power in the event of a failure. Energy storage and batteries will be the crux of this solution.
Battery-System Properties
New systems-integration efforts are bringing together battery technology with generators, power electronics, inverters, and battery-management systems (Maritime Journal 2010; Vardtal and Chryssakis 2011; Chen et al. 2012; Gully 2012) . Some of these systems are ruggedized for marine environments, and others are building systems for onshore environments for energy-storage applications (Hill et al. 2014a) . Since 2008, the lithium-ion (Li-ion) -battery market has grown dramatically. To those not familiar with the battery market, the term "lithium ion" is used generically for many products, but the details of the chemistry imply very different performance characteristics for batteries. It is said in automotive racing that "you can have speed, reliability, and low cost: pick two. Similarly, for batteries and hybrid-power systems, there are engineering and cost tradeoffs to consider that will affect cost, lifetime, power capability, energy (duration), and reliability.
DNV GL collected databases on battery cycle life, safety performance, cost metrics, and failure modes since 2008. These databases are collected through testing data and industry surveys. The parameters in the database are used to determine what conditions affect the ability of a battery to perform in its required environment and what batteries are suitable for a given application. The application requirement can be as simple as a power and duration metric, or it may involve more-advanced considerations such as temperature considerations, pressure, containment, or additional safety requirements. As battery technologies mature, more tolerance will be afforded to their risk of use, and they will be implemented in more applications that push the outer limits of the battery-performance envelope. This is witnessed already in the automotive sector, where the previous 80% capacity threshold was defined as end of life, but now it is more common to see 70%. In addition, some batteries are deployed without thermal management (LaMonica 2012). These lessons learned are bound to extend to other industries.
DNV GL conducted its own survey comprising 16 different Liion battery manufacturers and compiled factors such as cycle life, temperature stability, power density, energy density, and cumulative energy throughput that were all examined in close detail. The purpose of this study was to begin a classification of battery types and explore their suitability for different applications. The findings are consistent with other industry standards on batteries; however, the need became apparent to use the survey results to educate potential end users in the oil and gas industry about what is available, what capabilities exist, and what other factors to consider before implementation. Here are some general findings:
1. Power density (W/kg) and energy density (W-hr/kg) are generally inversely proportional. 2. Cycle lifetime under conventional testing conditions does not always imply high lifetime energy throughput. 3. Cost and weight are directly proportional. 4. Cost and cycle life are directly proportional, and with Item 2, it is therefore true that cycle life and weight are directly proportional. 5. Iron phosphate chemistries, as well as chemistries that implement titanate anodes, tend to be more stable at higher power rates, measured as C-rate*. Iron phosphate chemistries can achieve very high C-rates (10 to 100). 6. Titanate-anode chemistries advertise long cycle lifetimes.
power-plant disaster, highlights the need for safety and environmental protection, and have delayed the implementation of subsea nuclear systems in the near future. In short, the landscape changed significantly in the last 5 years, and it is time to revise available power-generation and energy-storage solutions.
Operations in offshore exploration-and-production activity can benefit from hybridization with Li-ion batteries in the following cited cases. Systems as basic as elevators and cranes benefit from hybridization, and one study shows that replacement of a redundant generator with a battery pack for crane operations pays back in less than 1 year, with continued fuel savings afterward (Ovruum 2013) . Particularly for transient power loads, such as drilling or position stabilization, hybridization offers the same benefits as it does in the automotive sector-the battery pack absorbs transient loads and permits the combustion engine to be downsized and optimized for peak efficiency. With a smaller, more-efficient engine, the emission of particulates, nitrogen oxides (NO x ), and sulfer oxides is reduced (Gully 2012) . If the aim is to reduce NO x emissions, however, hybridization is a competing technology with urea injection. Urea-injection systems require capital investment and/ or retrofit for existing systems. NO x emissions can be reduced by 90% with selective catalytic reduction or urea injection (Caterpillar 2002) . The efficiency of these processes, however, is reduced when the load is transient. Hybridized powertrains, on the other hand, reduce NO x emissions by 29 to 51% (Vardtal and Chryssakis 2011). In marine propulsion and dynamic positioning, hybrid-power applications reduce fuel costs, some by 10% or more (Chen et al. 2012) . In other hybrid applications, fuel savings can be reduced by as much as 20 to 29%, lowering operational costs and providing a value proposition for lowered overall cost per kilowatt-hour (Vartdal and Chryssakis 2011; DNV 2012b; Ovruum 2013 ). There may be a place for both hybridization and downsized urea injection on the same platform, with lower overall operational costs than urea injection on conventional powertrains.
Regulatory Need
Because the oil and gas industry is global, the regulatory impact is also global. Emissions-reductions regulations for the Gulf of Mexico, in particular, are targeted for the US under International Convention for the Prevention of Pollution from Ships (MARPOL) agreements, and for Mexico under the emission-control area (ECA). In addition, on 14 January 2013, the US Environmental Protection Agency (EPA) finalized amendments to the National Emissions Standards for Hazardous Air Pollutants for stationary reciprocating-internal-combustion engines, which apply to many areas, but include the outer continental shelf, where offshore operations occur. The North American ECA, under MARPOL, went into effect from 1 August 2012, bringing in stricter controls on emissions of sulfur oxides, nitrogen oxides (NO x ), and particulate matter for ships trading off the coasts of Canada, the US, and the French overseas collectivity of Saint-Pierre and Miquelon. Both the US EPA and the US Coast Guard will enforce these regulations, implementing fines for violators (EPA 2012) . These regulations are perhaps less stringent than efforts in Scandanavia and Europe, where the European Union (EU) Emissions Trading System (ETS) is the first multinational cap-and-trade program to limit global-warming pollution. Since its 2005 inception, the EU ETS is credited with a 13% decrease in emissions, with increasing stringency until 2020 (Brown et al. 2009 ). In Scandanavia, which proves to be a strong market for electric and hybrid ships, the Norwegian NO x Fund imposes a EUR 0.5/kg NO x tax on shipping and a EUR 1.5/kg tax on oil and gas operations, which funds an overall program to support emissions controls and NO x -reduction measures (Johnsen 2013) . The program in turn funds liquefied-natural-gas conversions, low-NO x engine modifications, and selective-catalytic-reduction measures. Hybridization will also fall under this program (Sandvik 2014) . Therefore, strong regulatory trends intend to curb emissions from offshore sources. In addition, safety in offshore operations is *A 1C discharge or charge rate is one full discharge/charge in an hour, respectively. A 2C discharge rate is a full discharge in one-half hour. By extension, a discharge or charge rate of xC is a full discharge/charge in 1/x hours.
7. There is much innovation in the nickel/cobalt/manganese (NCM) chemistry variants to acquire a balance of multiple properties, such as good power, good energy density, long cycle life, and reasonable temperature stability. 8. Many cells labeled as lithium cobalt oxide (LiCoO 2 ) advertise high power capability, but lower cycle lifetimes. Other LiCoO 2 chemistries use undisclosed chemistry additives to improve thermal stability and cycle life. Not all Li-ion batteries were designed for large-format systems. The portable-electronics sector led the initial growth of the Li-ion market (tens of watts to hundreds), and the automotive markets led large-scale battery-pack developments (kilowatt scale) in the 2010 era. Currently, kilowatt-to megawatt-scale batteries are deployed in stationary grid storage, heavy industries, and marine and offshore sectors. Some battery types will emerge and dominate these more-extreme applications. Therefore, it should be said that a battery designed for portable electronics is not necessarily scalable to large-format power systems. The cost requirements will also differ from electronics and automotive markets. It is important for the buyer of such systems to understand that the quality of the battery will determine the quality of the total system. Weight may be a prime consideration. Battery construction involves an anode, cathode, separator, and electrolyte. These layers can be rolled into a cylindrical form factor, or sandwiched in a pouch-type or prismatic cell. Most Li-ion batteries use a graphite carbon anode on a copper collector. Some batteries use a lithium titanate anode, which is heavier, but mechanically more stable. The weight of this battery is evident in its energy density, which ranges from 50 to 75 W-hr/kg, which is roughly 2X lead acid (lead acid can be assumed to have an energy density of 30 to 50 W-hr/kg). The cathode is the electrode that determines the common name for a battery. Lithium/iron/phosphate cathodes are sometimes called LFP or LiFePO 4 . LFP batteries exhibit lower to moderate energy density compared with other chemistries (≈90 W-hr/kg), but possess very high power capability and somewhat moderate cycle lifetimes. It is generally true that more weight implies more cost, and therefore an increased cycle life will imply a greater capital investment. Many variations of the NCM batteries exist, sometimes called NMC. These batteries have medium to long cycle lifetimes, reasonable power capability, and the potential for higher energy density (>130 W-hr/kg). Some NCM cells are tolerant to high discharge rates for power applications. The NCM chemistry is versatile in that it is tuned for multiple applications while maintaining thermal stability. The lithium-manganese-oxide chemistries, sometimes called LMO or "spinel" for their microstructure, demonstrate an energy density greater than 200 W-hr/kg with long cycle lifetimes. The nickel-cobalt-aluminum (NCA) chemistry may vary its performance with additions of manganese, and can also have higher energy density (≈200 W-hr/kg). While typical NCA batteries claim lower energy density, some manufacturers make successful additions to the NCA chemistry to achieve high energy density and high power. Some technology outliers cause significant spread in the energy density for each chemistry, and this is a testament to the evolving market.
Performance Characteristics
A common battery-performance metric is cycle life. This metric, while useful, is not alone a sufficient characterization of battery performance. Factors that affect performance include temperature, depth of discharge (DOD), rest times between cycles, and the charge and discharge rate. If charge and discharge rates and temperature are included, the rest times are rarely mentioned. In particular for high cycle-life claims, one should be careful to determine whether the depth of discharge was less than 100%. Higher temperatures are strong abuse factors (i.e., high temperatures degrade battery capacity more than moderate temperatures). The mostcommon cycle-life chart for a battery is performed at 20 to 25°C, with 1C charge and discharge rates and 100% DOD at each cycle.
However, most batteries are deployed in systems with very different characteristics. They will likely not experience 100% DOD, their temperature may be less controlled, and they may be expected to endure high C-rates to meet the power load.
The survey notably finds that the lithium/titanate/oxide (LTO) chemistries claim long cycle lifetimes. Most nickel/cobalt/manganese (NCM) batteries for large-format systems have a 2,000-to 3,000-cycle life and as much as 6,000 cycles under less-abusive conditions, such as a partial DOD. Some LTO batteries claim 6,000 to as much as 16,000 cycles at 100% DOD. There is another standout in the survey-some lithium-manganese-oxide (LMO) batteries have long cycle lifetimes, but only when cycled at 50% DOD/cycle. This again highlights the need to identify the specific conditions under which cycle lifetimes are reported.
For design purposes, the battery system may be needed for high power or high energy. For battery systems with a uniform chemistry, these may be mutually exclusive properties. The survey represents a significant cross section of the present-day industry and determines that with energy densities greater than 150 W-hr/kg, it is unlikely that the battery is capable of power densities greater than 2000 W/kg. However, for lower energy densities, some chemistries can offer up to 12 000 W/kg. The cell design and its chemistry will have an impact on its ability to deliver high power. Power density and energy density are inversely proportional across surveyed technologies. Power density in some cases is as high as 10 000 W/kg or more, but the power densities of most lithium-ion (Li-ion) batteries range from 500 to 2000 W/kg. Batteries with energy densities near 150 to 225 W-hr/kg are typically the batteries with the lower power density. Power density is a specialized case for battery types that can be "tuned" with subtle chemistry changes and electrolyte modifications. Li-ion battery manufacturers do this while balancing thermal stability and safety to reduce self-heating during high power discharge.
It is also true from the survey results that heavier batteries tend to have longer cycle lifetimes. Higher cycle lifetimes are often associated with lower energy density, or conversely, more weight per megawatt-hour. On the basis of the energy density of LTO, for example, a cycle life of 10,000 to 16,000 cycles would require a system weight of nearly 25 tons (just batteries) vs. a system with a cycle life of 2,000 cycles weighing just 2.5 to 5 tons.
An oil and gas operation requires marinizatoin of equipment to endure harsh conditions. An operator may wish to know if a battery system can endure the temperatures that it may see in the field, or if it will have the lifetime needed to complete its service. Most battery-specification sheets emphasize cycle life, energy density, and recommended temperature range. Beyond these specifications, the batteries may respond to other environmental stresses (such as shock, mechanical deformation, and vibration), which are covered in the Safety Considerations for Battery Systems section. In Fig.  1 , three example paradigms are shown for battery management. In the far left of the figure, the typical and most-conservative approach is shown. In these cases, the batteries are never expected to endure charge or discharge rates higher than 1C, and great care is taken to maintain a temperature at or near 25°C and an average state of charge (SOC) well within the limits established in Fig. 1 . This is the typical approach taken in the automotive sector. In the energy-storage sector, battery-management system protocols are similar even though there may not be capability for active cooling. For distributed energy-storage systems, however, there is an assumption that the air-cooled system will operate in an underground vault, which should have consistent temperatures at or near 50°F (CES 2009). Oil and gas operations may be less conservative than the automotive and onshore utility industries in some applications. There may be a need for high power applications such as drilling or lifting, cranes or elevators, dynamic positioning, or actuation of valves and chokes. In addition, the environment will be less controlled, entailing large swings in temperature, or perhaps cold temperatures (in subsea or Arctic applications) or high temperatures (in Gulf Coast or high-power applications). In this case, the C-rate needs to be balanced against temperature and average SOC. This is the state of the art in battery safety: average SOC is maintained conservatively, C-rates are kept at 1C or less (unless the chemistry and application are specifically designed otherwise), and temperature is maintained at or near 25°C. This conservative battery management adds cost burden because some energy and power potential is left unused in exchange for enhanced safety margins. For power applications (middle of Fig. 1 ), the C-rate comes into play and affects the capacity-loss severity near the end of life (EOL). The longevity of the system may matter less in this case than the ability for the system to deliver power reliably during critical periods. In the far right case of Fig. 1 , extreme conditions, such as high temperature, may dominate the performance of the system.
A major battery-system cost factor is the overdesign to offset capacity degradation and maximum expected capacity. Just as a conventional generator is sized for its maximum load (even if that maximum load will be encountered infrequently), a battery system must be similarly designed. Once this maximum capacity is determined, the battery system will need an additional factor to account for degradation over its operating life. A carry-over rule of thumb from the automotive sector is that EOL for the battery system occurs when the battery capacity is 80% of its as-new state. For example, in Fig. 2 , the actual electrochemical capacity of a battery pack may be 1.3 kW-hr, but conservative limits on the upper and lower voltage are placed such that the system SOC never exceeds 90% or never drops below 20%. These restrictions reduce the usable capacity of the battery pack to 1 kW-hr. However, the cost of the system is then inflated because the battery cost may be USD 500/kW-hr (for example), but the additional sizing considerations inflate the cost to USD 650/kW-hr. An additional size factor may also then be instituted to account for capacity at EOL, which will inflate the cost further.
Most Li-ion batteries have maximum temperature ratings between 0 and 60°C. The high temperature limit may be lowered during charging. Charging is more abusive to batteries than discharging, and for this reason, many batteries have higher allowable discharge rates than charge rates. The C-rate affects battery temperature. Higher C-rates induce greater cell heating, and this heating affects capacity loss (DNV 2013) . From 2008 to 2012, battery-system costs averaged approximately USD 1,000/kW-hr. However, the balance of system cost will change this factor, and variations in battery technology are driving some disparity in these numbers. In addition, volume will affect the cost. In some cases, an assumption of USD 500/kW-hr for the batteries alone may be more appropriate, but the titanate chemistries may cost more than USD 1,000/kW-hr. The capital cost is less important than the system requirements for safety, expected lifetime, and total energy throughput. For example, the lifetime-cost-per-throughput kW-hr may be more relevant than the upfront cost per kW-hr of capacity. The best way to measure this is to extract the battery-capacity curve from test data, integrate the energy throughput, and compare that with the upfront cost.
The cumulative energy throughput (normalized by weight) for each battery chemistry varies significantly. Some batteries with low energy density, such as the titanates, can have long cycle lifetimes and therefore deliver a significant energy throughput over their long lifetime. Cumulative throughput can be measured in W-hr/kg to normalize their performance by energy density across battery chemistries. Cumulative throughput is proportional to the square root of the percent capacity lost over time (i.e., there are diminishing returns past a certain threshold).
However, high throughput energy is not excluded to just one chemistry. Certain manufacturers have obtained outlier lifetime performance with NCM and lithium/iron/phosphate and are learning to balance lifetime and total throughput with evident success. It may be a question of whether the added cost for higher cycle life is a function of diminishing returns. For example, one might expect the titanate batteries with their long cycle lifetimes to provide a higher cumulative throughput than competitors. But Fig. 2 shows that some LMO and NCM batteries can approach the performance of the titanates when measured in this manner. The lifetime throughput energy can be verified with limited short-termtesting campaigns or life-prediction tools.
Qualifying Technologies for Service
A major risk in the deployment of the battery system is that it will last long enough to provide a payback on its investment. Independent testing supported the use of databases and lifetime-prediction tools for battery types. The tool assesses whether a battery system will meet the required lifetime given a duty cycle, system size, and average operational temperature. The purpose of these tools are several:
1. To understand capacity fade and its impact on system performance for the long term, as well as initial capital cost and payback 2. To identify risks that may impact system performance in its intended application 3. To identify safety factors for battery systems The purpose of battery-life-prediction models is to accelerate the testing cycle for new battery chemistries. An example of a com- parative analysis is shown in Fig. 3 , in which pack size and temperature impact pack longevity directly. This analysis can also be used to estimate battery-size requirements, which leads into economic trade-off and cost/benefit analysis. In the 25°C condition and with conservative state-of-charge (SOC) management, the pack can maintain up to 75% capacity through its service life. However, with the same duty cycle, if the pack size is reduced from 1,000 to 900 kW-hr (which reduces capital cost), if the battery is permitted to use more available SOC (up to 90% as opposed to 80%), and if the cooling requirements are relaxed, allowing it to reach a higher average temperature of 30°C, one can see that it loses capacity faster, reaching 40% by Year 10. In this case, the cycling component dominates the degradation. Under these conditions, the pack would fail its functionality requirements; therefore, the life-prediction tools permit sizing exercises to balance cost and performance.
Because the lithium-ion battery industry is growing quickly, it is not often practical to implement long-term cycling tests to verify performance because a new and better chemistry may already be on the verge of commercialization. Modeling techniques were developed with available data and independent testing to interpolate results with semiempirical equations and generate a capacity-fade curve. These are the techniqes that generated Fig. 3 . Modeling can then be used as it is often intended elsewhere-to consolidate industry knowledge and downsize the amount of testing required, identify areas of high consequence, and focus testing efforts on the most-relevant cases for model verification.
Battery-life prediction is useful for a number of applications. Hybrid and fully electric vessels are implementing large-format batteries that may experience a number of unique conditions, such as cold temperatures, fast charging, high-rate discharging, or long periods of dormancy (Vardtal and Chryssakis 2011). Battery-lifeprediction models verify battery-size requirements and test battery compatibility virtually in environments with contrasting temperatures (DNV 2014). Separating out the effect of these factors on battery capacity and designing the battery to ensure the same performance at Year 10 as at Year 1 are of great importance to the end user. Battery-life prediction estimates the degradation curve and can be used to make recommendations for optimum system size to minimize cost and maximize performance, even after years of service life. The tool also helps inform techno-economic analysis that may include tradeoff analysis, such as
• Are there field conditions that may threaten the life or performance of the battery? • Is it better to use a cooling system or oversize the pack?
• Is shelf life a consideration for a battery that may see periods of dormancy?
Safety Considerations for Battery Systems
Advanced batteries are designed and engineered for high energy density and long life cycles. However, a battery is a forced closeproximity encasement of materials, which, when permitted to combine without constraint, exhibit exothermic recombination. The very electrochemical features that provide utility are the same features that limit its lifetime, and in rare cases, in a catastrophic fashion. The hazard is the same for fuel because high temperature, fire, spark, crush, or puncture may lead to fuel fires. One must take the same precautions to avoid such hazards with battery systems. There are myriad safety-testing standards to examine the volatility or stability of battery cells and modules, such as UN 38. Ideally, battery failure is slow, noncatastrophic, and benign. Battery-performance degradation is analogous to other material-degradation mechanisms, such as metal fatigue. Standards outlining the methodology for assessing metal-fatigue life have been developed with great consistency and agreement among engineering disciplines to help accelerate materials selection and design processes for pipelines and other structures. Modern battery systems are moving toward this kind of standardization, but the knowledge is not distributed widely because battery developers hold this information as trade secrets. Currently, battery-system integrators have developed their own testing programs and battery-management protocols to find maximum-allowable operational parameters to minimize failure risk while maximizing the utility of their product. In most cases, their safety margins involve setting usage limits below the maximum recommended voltage and above the minimum recommended voltage, with additional pack oversizing to reduce the cell C-rate. This conservative overdesign increases cost and weight. An example of this practice is shown in Fig. 1 .
While standards committees are increasing activity around battery systems (such as the myriad Society of Automotive Engineers, Institute of Electrical and Electronics Engineers, and International Electrotechnical Commission committees on battery-managementsystem design, charging devices, and other circuitry features), there does not yet exist a standard lifetime database for batteries for the public sector that is analogous to fatigue curves or strength data available for materials. In addition, the growing, but still maturing industry is still undergoing turnover, and therefore, some manufacturers and chemistries that were highly regarded 2 to 3 years ago are no longer supported. Therefore, there still exists a research paradigm in battery management that is using multiple monitoring and control methods to monitor and estimate the state of health of the battery system.
Known Failure Mechanisms
In practicality, the electrochemical elegance of the latest battery chemistry becomes less relevant as the inelegance of actual operating conditions imposes unexpected consequences on battery health. Battery manufacturers assert that a cell will not experience off-gas release unless it is already on the verge of failure. This assertion likely comes from the expectations of a perfect battery. There are no perfect batteries, and battery cells (as an integrated system in materials packaging and assembly) are capable of leaking during operation without triggering alarms in conventional voltage-or temperature-monitoring systems. Battery failures are not always immediate and sudden. As recent events would indicate, the failure is slowly impending and began with prior conditions that were beyond the sensing and control of the battery-management system (BMS)-sometimes deliberately and sometimes accidentally. A few safety incidents are summarized here to establish the hazards that battery systems may face in a real-world application. In 2012, a hybrid tugboat experienced a fire because of BMS failure and overcharging (Tyler 2012) . In 2013, an airliner experienced a short within the battery pack that caused a fire and smoke (NTSB 2013) . In 2011, a hybrid vehicle experienced a latent fire because of shorting of the battery pack with liquid coolant (Smith 2012) , and in 2012, a pack caused an explosion as a result of battery electrolyte off-gassing at elevated temperature (Blanco 2012) . Finally, an electric vehicle in 2013 experienced a fire because of an impact (Shepardson 2014) . Hence, a brief overview of the failure modes are BMS failure, external short, high temperature, and external impact. In nearly all cases, the stimulating event was external. In consideration of the external factors that are known to cause failures, testing against standards such as UN 38.3 (United Nations 2011) is often considered sufficient because it captures shock, external short, and puncture consequences of the system. However, the combined factors resulting from increased-temperature operation and/or the subtle off-gassing modes are not covered by this standard. In all the preceding scenarios, the battery system responded unpredictably to unforeseen stimuli (i.e., an overcharge error, an arc or electrical short, mechanical impact, or hightemperature use). However, in real-world scenarios, these incidents are not always predictable or preventable. Not unlike the hazards associated with liquid fuels, battery hazards must be managed intelligently with training, procedures, and recommended practices.
Categorizing Safety Risks
Three levels of deflagration-like hazards are described in the following subsections, each of increasing risk such that separate but integrated safety systems may need to be considered to manage each stage of potential risk. These stages are shown in Fig. 4 . The stages shown in the figure are time correlated according to the stages through which a battery moves as it approaches thermal runaway.
Stage 1: Off-Gas and Ventilation. In most cases, any abuse event to the battery will first result in a compromise to its packaging, which then leads to the first hazard, off-gas (Kumai et al. 1999 ). An ongoing project with the US Department of Energy's Advanced Research Projects Agency-Energy (ARPA-E) shows under multiple circumstances that off-gassing is a repeatable precursor to catastrophic battery failure. In some cases, off-gas detection before failure precludes action to arrest the failure before it occurs (Energy Storage News 2012; Hill et al. 2014b) . Battery off-gases are generated from the battery electrolyte solvents, and for most lithium-ion chemistries, these solvents are in the ethylene carbonate family. The boiling point is near 120°C, but the vapor pressure is low such that the odor is evident at room temperature. The electrolyte solvents tend to condense to a gel-like liquid on all surfaces once evaporated, which leaves an enduring odor and evidence of a battery leak. When the gases are at elevated temperature, the vapor pressure increases, and, in contained spaces, it is possible for these gases to build in concentration and reach the flammability heat or damage to nearby cells, there is risk that additional batteries will undergo thermal runaway such that the entire module will be consumed. At this stage, fire is likely, and most batteries undergoing thermal runaway do so in a deflagration event that not only consumes the battery electrochemical materials, but its packaging, wiring, and any other nearby flammable materials. The smoke and fumes emitted from the fire present two hazards: The first is uncombusted off-gas, which poses an explosion risk. The second is toxic fumes similar to those of a polyvinyl chloride fire. For both hazards, ventilation (from Stage 1) is paramount, and the BMS may isolate the failing cell from the rest of the module, as it is designed to do. If this does not occur, the second immediate need is to quench the fire. Unfortunately, battery fires are unique in that the consumption of the battery cathode results in direct oxygen generation. This generation of oxygen implies that fire-extinguishing methods designed to suffocate fires will be ineffective. Therefore, most fire-fighting techniques have less relevance to a battery fire, and the fire-management technique will be designed to manage the fire until it burns itself out.
A note on explosion risk: Upon failing catastrophically, the battery cell itself does not usually release its energy explosively, but it may instead experience a deflagration failure mode when a short occurs between the anode and cathode (the most-likely thermal-runaway cause). This failure mode is more common with pouch cells because the seal around their perimeter allows for pressure release. In some cases, explosion risk is possible. This explosion may be a result of ignited offgases, or it may be a sudden chemical energy release. Few incidents of this nature are reported. The risk of such an event is more likely when the battery is overcharged beyond its maximum recommended voltage. Studies show that mild overcharging (by ≈0.1 V over the maximum recommended voltage) can degrade capacity quickly without a catastrophic failure (Hill et al. 2013 ). Deliberate overcharge tests will involve charging to 150% or more of the upper voltage limit, at which point either the mechanical deformation (swelling) of the cell or the self-generated heat cause a separator failure or packaging breach, which leads to a deflagration failure mode.
Stage 3: Total Fire. With this knowledge, it is understood that the fire will likely continue to burn until all battery materials are consumed, and so this risk must be accepted and the fire-management goal shall be to manage the heat and prevent these thermal events from causing peripheral damage. The last stage is a total fire, which poses the risk of consuming the entire battery system. This risk may come from an external fire hazard, large electrical disturbances or shorts, or physical impact. This is a high-risk category and represents the most-extreme courses of action in which all common fire-mitigation techniques may pose additional risks. In this case, the path of least risk should be considered, and a priority should be placed on heat management. In Fig. 6 , the typically recommended fireextinguishing techniques for each class of fire are shown (US code). Class A fires are solid materials, Class B fires involve flammable liquids and gases, Class C fires involve electrical elements, and Class limit, which is at or near 3.6% by volume (similar to ethylene gas). Testing shows (Fig. 5 ) that early off-gas release is detectable and in some cases reversible, and that batteries may function despite a breached package. The gases released are carbonate solvents for the electrolyte. This hazard poses a danger because the building off-gas hazard may not give prior warning before ignition. Therefore, adequate ventilation and air turnover in these enclosed spaces are the relevant courses of action to mitigate the first risk stage. As cited previously, if off-gases reach the flammability limit in the enclosed area, an explosion risk may be present.
The appropriate ventilation parameters for enclosed spaces will need to account for the following:
1. Volume of the enclosed area 2. Flammability limit of the entrapped gases 3. Potential toxicity limits 4. Spark hazard The turnover rate (if any) or air changes per hour will depend on the flammability limit, expected release rate, and toxicity hazards. In the case of the ethylene carbonate off-gases, the air changes per hour would be based on the maximum estimated release rate (L/min), the volume of the enclosed space (L), and the volume rating of the ventilation system (L/min). The turnover rate would need to ensure that the flammability limit does not reach 3.6% by volume. The toxicity limits for ethylene carbonate vapor, in this case, are higher than the flammability limit, so the air-turnover rate would mitigate both hazards.
Stage 2: Thermal Runaway. The second stage of risk occurs if one or more cells within a battery module reach the irreversible stages of thermal runaway. In this case, the battery is experiencing exothermic and destructive reactions, which will inevitably lead to fire caused by an internal short between anode and cathode. Typically, the battery will begin this self-consuming process at temperatures greater than 100 to 120°C. Most battery-management systems (BMSs) are designed to isolate single cells that are undergoing such transformations to isolate them from the rest of the module or pack. Monitoring is accomplished by means of temperature, voltage and/or current, and off-gas. In the unlikely event that the single cell is able to transmit D fires involve metals. Unfortunately, a battery fire may involve all of these materials and classes simultaneously, causing a significant challenge in extinguishing the fire. As mentioned in the preceding, the battery fire may generate its own oxygen and be self-feeding, hence most oxygen-suppression methods may not be effective.
A few conditions of battery failure are shown in the following. Previous tests confirm that a cylindrical cell continues to cycle while off-gas monitoring detects it is indeed leaking. Subtle, noncatastrophic off-gassing occurs as a function of voltage, current, or temperature-abuse vectors (Hill et al. 2014b ). This cell did not fail catastrophically, but instead lost capacity gradually over time. Voltage and current measurements would provide no indication of this issue until capacity began to decrease significantly. When a cell is punctured (Fig. 7) , heated, crushed, or overcharged, the internal separator between anode and cathode may fail, at which point the battery shorts, the voltage drops instantaneously, and gassing occurs immediately, leading to eventual fire. Temperature rises quickly after the puncture, as shown in Fig. 7 .
Updated class rules for marine and offshore systems include tentative rules for battery power and updated safety recommendations for large-format battery systems, including ventilation and fire management (DNV 2012a) . A number of techniques and methodologies are currently under way to assess the risks of deployment of battery systems.
Bowtie analysis permits the analysis of external hazard factors (Fig. 8) . The model visualizes all possible threats that may cause a top event, such as battery failure. Putting barriers in place to prevent such events may increase safety of the system overall. The diagram illustrates a generic battery-failure model and shows that threats (left side of the diagram) are prevented from leading to the top event by barriers such as active monitoring and proactive controls. An example shown is mechanical damage by the red arrows progressing from the left of the diagram to the right. In this example, there may be monitoring methods in place that did not react quickly enough to identify and prevent consequences of mechanical damage, and other barriers (such as physical barriers) may fail. If these barriers are breached and the top event occurs, then a possible consequence is thermal runaway. Preventive controls, such as a rapid battery discharge, to minimize the chemical potential energy in the system may be executed. There may also be reactive controls such as fire alarms, automatic module disconnects, or emergency cooling systems to draw heat from the battery before the thermal-runaway threshold is reached. Either side of the bowtie model may be expanded into multiple threat or consequence layers, depending on the detail of the model.
The bowtie model is the highest level of analysis and complements failure-mode effects and criticality analysis. Technology qualification procedures follow this methodology and will involve stakeholders across the value chain, including technology vendors and end users (Recommended Practice DNV-RP-A203 2011). Modeling tools with greater detail may evaluate the design criteria against the goals of the application. These detailed steps are relevant when a technology is unproved in a specific application or when it is a unique application with little prior history or experience on which to rely. Fig. 9 illustrates that bowtie models influence fault-tree models, which influence probabilistic models, which lead to sensitivity factors and recommendations for design revision or additional controls.
Unique Considerations for Offshore Environments
Subsea batteries will encounter unique environmental conditions that onshore battery systems are inadequately designed to tolerate. Cold temperatures and high pressure, corrosion risk, humidity, and physical damage (crush, puncture, collision, and shock) are all hazards that have higher probabilities in a subsea environment. Longevity and calendar life may be relevant if the system is expected to last the life of the well. Distributed-energy storagesystem-design lifetimes are greater than 5 years in a mild environment (CES 2009) compared with the extreme subsea environment in which an oil well may have an expected life of 20 to 30 years. Some systems, if designed to actuate valves or chokes, may have long periods of dormancy interrupted by intense periods of cycling. These unique duty cycles will impact cycle fade and may lead to less-predictable capacity loss over time. The effect of these conditions on battery life should be evaluated, especially for critical operations. Topside systems will also need to endure upgrades for protection against the harsh environments encountered in the sea environment. Ingress protection, fire safety, and fire training may all be required to adopt large-format battery systems in topside or subsea service. Batteries do not have the same energy density of fuels, yet they pose a fire risk. Under the worst cases, the batteries cannot be extinguished by conventional means because the consumption of the cathode materials feeds oxygen into the fire, thereby making oxygen suppression difficult or impossible (Fig. 6 ). Therefore, there are different requirements for extinguishing, depending on the stage of the fire. In addition, there may be a greater need to remove heat from the fire to prevent possible cascading of the fire to neighboring modules or packs. For this reason, a battery fire does not fall within the typical class requirement; there may be additional site-specific factors that would make heat management more relevant than fire extinguishing in case of fire.
Conflicts in class rules exist for offshore vessels, which place technical challenges in battery-system safety management. For example, if a fire triggers an alarm on a ship, one reactive procedure may be to shut down the ventilation systems to prevent an external oxygen source to fuel the fire. However, if a battery system is offgassing, there will be a need to vent the area and remove the possibility of trapped and uncombusted flammable gases. There will be overlapping needs to design safety systems to work in tandem without interfering with one another.
Conclusions
The following conclusions arise from the preceding discussion:
• Cost savings and emissions reductions are relevant to upcoming emissions regulations in controlled areas.
• Given the use cases cited, near-term battery hybrid systems will deploy lithium-ion batteries with different power-density, energy-density, lifetime, and cost characteristics. • Some battery types will be more suitable than others, depending on environmental conditions and engineering requirements.
• Safety considerations for batteries will depend on whether they are used in enclosed spaces, the potential hazards that may exist for off-gassing, thermal abuse, mechanical damage, or other factors.
• The intended environment for the application will influence whether the battery technology is qualified for use.
• Testing for such systems can be performed on a cell or module level, and the results are scaled to system-level deployments.
• Modeling tools are used to reduce the time and cost of qualification, and testing is minimized to the most-critical technical factors.
Recommendations.
• Qualification of battery systems should consider whether the use is topside or subsea.
• Safety considerations should involve ventilation of off-gases, protection from external forces, temperature control, and battery-management-system backup or redundancy.
• The battery-system cost/benefit analysis should involve both operational and capital considerations, and this will vary between topside and subsea systems. • Qualification will require review against class rules, but also comparison to known International Electrotechnical Commission, Institute of Electrical and Electronics Engineers, and Underwriters Laboratories standards that may be cross referenced by the class rules.
• Beyond UN 38.3 (United Nations 2011), there may need to be testing to examine temperature-induced failure modes and off-gassing behavior to better understand ventilation requirements.
